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Improved quantum efficiency and short radiative lifetime were demonstrated for the near-band-edge
emission of nearly stacking-fault-free, 200–250-nm-thick, m-plane pseudomorphic InxGa1−xN
0x0.14 films grown by metalorganic vapor phase epitaxy on the low threading dislocation
density 5106 cm−2 freestanding FS GaN substrates. Values of full width at half maximum
of x-ray -rocking curves of the InxGa1−xN films remain unchanged as the substrate values being 80
and 60 arcsec for the 101̄0 diffraction with 0001 and 112̄0 azimuths, respectively, and
80 arcsec for the 101̄2 diffraction. As the surface flatness was improved, the incorporation
efficiency of In was lower than the cases for c-plane growth and m-plane growth on a defective GaN
substrate, according to nonidentical surface kinetics and absence of inclined/tilted planes,
respectively. © 2008 American Institute of Physics. DOI: 10.1063/1.2998580
Wurtzite Al,In,GaN grown in nonpolar1 orientations
are attracting attention since the quantum wells QWs fab-
ricated on nonpolar planes are free from the quantum-
confined Stark effects caused by the polarization fields par-
allel to the c axis,2–4 which reduce the oscillator strength of
electron-hole pairs in c-plane QWs. However, the output
power of nonpolar InxGa1−xN light-emitting diodes LEDs
fabricated on heteroepitaxial substrates has been lower5 than
the conventional c-plane LEDs due to the presence of high
density threading dislocations TDs and stacking faults
SFs.6 A variety of lateral overgrowth LEO techniques has
been used to reduce the TD density.6 However, the basal
plane SFs seldom vanish even in thick films or in windows
and N-polar wings of LEO GaN.6
Recently, good performance m-plane LEDs and laser di-
odes LDs have been demonstrated7–11 using the low TD/SF
density freestanding FS GaN substrates that were sliced
from approximately 1-cm-thick c-plane FS GaN.12 However,
x-ray -rocking curves of the substrate exhibited multiple-
peaked or asymmetric line shapes13 due to the bowing of the
original c-plane FS GaN grown on Al2O3, although the sur-
face of the substrates and homoepitaxial GaN layers exhib-
ited smooth morphology with monolayer atomic steps.13 Ac-
cordingly, there remain concerns if such structural
imperfection would cause inhomogeneous incorporation of
In Al during InGaN AlGaN alloy growths.14–17
In this letter, improved characteristics of m-plane
InxGa1−xN films grown on the low TD/SF density FS-GaN
substrates12 are shown while the issues in growing atomi-
cally flat films of high InN molar fraction x are pointed
out. Reasonably high equivalent internal quantum efficiency
int
eq, which is approximated as the spectrally integrated
weakly excited 38 W cm−2 photoluminescence
PL intensity at 300 K divided by that at 8 K
IPL300 K / IPL8 K, and short radiative lifetime for the
near-band-edge NBE emission are demonstrated, while low
incorporation efficiency of In is emphasized.
Approximately 200–250-nm-thick m-plane InxGa1−xN
films 0x0.14 were grown using a metalorganic vapor
phase epitaxy MOVPE apparatus13 on 815-mm2-area,
325-m-thick m-plane FS GaN substrates grown by halide
vapor phase epitaxy Mitsubishi Chemical Co..12,13 The TD
and SF densities were lower than 5106 cm−2 and 1
103 cm−1, respectively. For comparison, c-plane FS GaN
Ref. 12 and GaN on Al2O3 epitaxial templates were also
used. The TD densities were lower than 107 cm−2 and
109 cm−2, respectively. Prior to InGaN, a 1.5-m-thick GaN
was grown using trimethylgallium TMGa and NH3. The
growth temperature Tg, molar flow ratio of NH3 to TMGa
V/III ratio, reactor pressure, growth rate, and carrier gas
were 1090 °C, 5000, 5.3104 Pa, 1.5 m /h, and Pd-
purified H2, respectively.
13 Trimethylindium was used for the
InGaN growth 750 °CTg820 °C, 40 000V / III
1 000 000, 6.6104 Pa, 0.1 m /h, and N2, respectively.
PL of the films was excited using the 325.0 nm line of
a cw He–Cd laser 38 W cm−2. Time-resolved photo-
luminescence TRPL was excited using the frequency-
doubled mode-locked Al2O3:Ti laser 361 nm, 100 fs,
120 nJ cm−2.
According to the reduction in extended defects in the
substrate, present m-plane InxGa1−xN films did not show a
macroscopic striated, tilted, or inclined surface
morphology16,17 seen in InGaN QWs and LEDs grown on
defective m-plane FS-GaN substrates.6 Different from the
c-plane growth, characteristic “V defects”18 were not ob-
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served either. Also, local surface irregularity was more than
one and a half orders of magnitude better than the
defective16,17 m-plane InGaN, as shown in Fig. 1a for ex-
ample. Accordingly, messy In-incorporation inhomogeneity
seen in defective m-plane16,17 and a-plane15 InGaN QWs was
eliminated. However, average incorporation efficiency of In
inc
In  was lower than c-plane growths as shown in Fig. 1b.
Such a difference in inc
In may arise from nonidentical surface
kinetics for different planes.19,20 Also, inc
In of the present
m-plane growth was lower than the growths on defective
nonpolar substrates14–17 due to the absence of inclined/tilted
planes.17
All the InxGa1−xN films 0x0.14 were confirmed
by x-ray reciprocal space mapping measurements to grow
coherently on the base GaN, as shown in Figs. 2a and 2b
for example x=0.08. Accordingly, x values were calculated
for the films suffering from triaxial anisotropic stress C2v,
17
where elastic stiffness constants of the alloys were assumed
to obey the Vegard’s law. The value of full width at half
maximum FWHM of 101̄0 2− scans 2 increased
with x, as shown in Fig. 2c, indicating the increase in a
plane-distance fluctuation due to compositional or strain
inhomogeneity. However, FWHM values of -rocking
curves  were nearly unchanged from the substrate val-
ues, as shown in Fig. 2c: approximately 80 and 60 arcsec
for 101̄0 diffraction along 0001 and 112̄0 azimuths, re-
spectively, and 80 arcsec for 101̄2 diffraction. The results
indicate that TD densities responsible for tilt and twist mo-
saics of InxGa1−xN films are comparable to those of the sub-
strate.
All the InxGa1−xN films 0x0.14 exhibited a pre-
dominant NBE emission peak at 293 K, as shown in Fig.
3a. Its FWHM value essentially increased with x, being
consistent with the increase in 2 of 101̄0 peak. How-
ever, int
eq increased with x, as is the case with defective c-
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FIG. 2. Color online The x-ray reciprocal space mapping images of the
247-nm-thick m-plane In0.08Ga0.92N film taken using a 22̄01 and b
13̄20 diffractions. c FWHM values obtained for the 2− scan 2 of
101̄0 diffraction and  scans  of 101̄0 and 101̄2 diffractions of
approximately 250-nm-thick m-plane InxGa1−xN films as a function of x.
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FIG. 3. Color online a PL spectra at 293 K of approximately 250-nm-
thick m-plane InxGa1−xN films as a function of x. b Values of int
eq for the
NBE emission of m-plane InxGa1−xN films as a function of x closed circles.
For comparison, int
eq obtained for c-plane InxGa1−xN films grown on c-plane
FS GaN and GaN /Al2O3 templates are shown. Corresponding values for
defective a-plane InxGa1−xN films Ref. 4, c-plane In0.05Ga0.95N film on
GaN /Al2O3 Ref. 4, c-plane QWs Ref. 4, and m-plane QWs Ref. 21 are
also plotted.
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FIG. 1. Color online a Atomic force microscopy image of a 247-nm-
thick m-plane In0.08Ga0.92N film grown on a FS-GaN substrate using an
1.5-m-thick GaN homoepitaxial layer. b InN molar fraction x of the
InxGa1−xN films grown simultaneously on the m-plane FS GaN, c-plane FS
GaN, and GaN /Al2O3 as a function of Tg.
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and a-plane InGaN films.4 Although the highest int
eq was yet
11% for x=0.06, as shown in Figs. 3b and 4b, int
eq of the
present films are higher than those of the defective a-plane
InxGa1−xN films
4 for the same x. We note that int
eq increases
by employing QW structures: int
eq of the 426 nm emission of
m-plane In0.11Ga0.89N /GaN QW LD wafer was 44%,
21 as
shown by a closed diamond in Fig. 3b. For comparison, int
eq
values4 reported for c-plane film and QWs are also plotted.
TRPL signals of the NBE peak for the In0.06Ga0.94N film
are shown as a function of temperature
in Fig. 4a. As the decay curves exhibited nonideal
single-exponential line shapes, the effective PL lifetime
	PL,eff is defined as the time after excitation when
0
	PL,effItdt /0
tlimItdt becomes 1−1 /e, where It is the in-
tensity at time t and tlim is the time when Itlim becomes
0.01I0. From the values of int
eq and 	PL,eff at each tempera-
ture, effective radiative lifetime 	R,eff and effective nonra-
diative lifetime 	NR,eff were calculated using the relations
int
eq = 1+	R,eff /	NR,eff−1 and 	PL,eff
−1 =	R,eff
−1 +	NR,eff
−1 , and the re-
sults are shown in Fig. 4c. As shown, 	R,eff at 8 K 600 ps
is longer than that of free A-exciton recombination in GaN
125 ps.22 The long and temperature insensitive 	R,eff up to
100 K implies that the emission has a bound or localized3,4
exciton character. Nevertheless, the low temperature 	R,eff
600 ps is much shorter than c-plane InGaN QWs approxi-
mately a few nanoseconds.23 Also, 	R,eff at 300 K
1.2 ns is shorter than those of defective a- and c-plane
InGaN films,4 indicating less influences due to extended de-
fects. Because 	NR,eff at 300 K is yet as short as 150 ps,
further reduction in the density of nonradiative point defects4
is mandatory for realizing longer wavelength LEDs and es-
pecially green LDs with 
481 nm.24
In summary, improved properties were demonstrated
while the issues on low In-incorporation efficiency was
raised for m-plane InGaN films grown on FS-GaN substrates
by MOVPE. Approximately 250-nm-thick InGaN films grew
coherently, and the tilt and twist mosaics of the substrate
were inherited to the InxGa1−xN films. Reasonably short 	R,eff
600 ps at 8 K and 1.2 ns at 300 K and considerably high
int
eq as a bulk film 11% at 300 K were obtained for the NBE
emission of m-plane In0.06Ga0.94N film.
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FIG. 4. Color online a TRPL signals, b int
eq IPL300 K / IPL8 K,
and c 	PL,eff, 	NR,eff, and 	R,eff of the m-plane In0.06Ga0.94N film grown on
FS GaN as a function of temperature.
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